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Abstract This study explores the behavior of the exchange coefficients for wind stress (Cp), sensible heat
flux (Cy), and water vapor flux (Cg) as functions of surface wind speed (U;0) and atmospheric stability using
direct turbulent flux measurements obtained from a platform equipped with fast-response turbulence sen-
sors in a low-to-moderate wind region. Turbulent fluxes are calculated using the eddy-correlation method
with extensive observations. The total numbers of quality-controlled 30 min flux runs are 12,240, 5813, and
5637 for estimation of Cp, Cy, and Cg, respectively. When adjusted to neutral stability using the Monin-
Obukhov similarity theory (MOST), we found that Cpy, Cyn, and Cgy decrease with neutral-adjusted wind
speed when wind speed is less than 5 m/s. Cpy is constant over the range 5 m/s < U;on < 12 m/s, then
increases with U;on When Uy > 12 m/s. In contrast, Cyy and Cey exhibit no clear dependence on wind
speed and are generally constant, with mean values of 0.96 X 1073 and 1.2 X 1073, respectively. This
behavior of neutral exchange coefficients is consistent with the findings of previous studies. We also found
that Cpy under offshore winds is generally greater than that under onshore wind conditions, which is
ascribed to the younger wind waves present due to the shorter fetch in the former case. However, this
behavior is not exhibited by Cyy or Cen. The original Cp, Cy, and Cg values without MOST adjustment are
also investigated to develop a new parameterization based on wind speed and stability. Three stability
parameters are tested, including the bulk Richardson number, stability as defined in COARE 3.0, and a sim-
plified Richardson number using the Charnock parameter. This new parameterization is free of MOST and
the associated self-correlation. Compared with previous studies and COARE 3.0 results, the new parameteri-
zation using the simplified Richardson number performs well, with an increased correlation coefficient and
reduction of root-mean-square error and bias.

1. Introduction

In the atmospheric surface layer, the fluxes of momentum, heat, and water vapor between the atmosphere
and ocean can be determined using the eddy-correlation method. These fluxes are defined as

=—pu'w’ M
Qu=—pc,w'(l (2)
E=—pw'q’ 3)

where 7, Qy, and E are the wind stress, sensible heat, and water vapor fluxes, respectively; p is air density;
and ¢, is the specific heat of air at constant pressure. u’, w’, 0, and g’ are the fluctuations of horizontal wind
velocity, vertical wind velocity, potential temperature, and specific humidity, respectively. The overbar indi-
cates a time-averaged process. In practice, however, oceanographers and meteorologists often rely on bulk
methods due to the scarcity of turbulence data [e.g., Smith, 1980; Large and Pond, 1982; Fairall et al., 2003;
Drennan et al., 2007]. Air-sea fluxes can be estimated by
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1=pCpl? (4)
Qn=pc,ChU(0—0o) (5)
E=pCeU(g—qo) (6)

where Cp, Cy, and Cg are the exchange coefficients of the momentum, heat, and water vapor fluxes, respec-
tively. U, 0, and g are the mean values of wind speed, potential temperature, and specific humidity at a partic-
ular reference height above the sea surface, respectively. 0, is the surface temperature, and g is the saturated
specific humidity at the sea surface with the effect of salinity taken into account [Fairall et al., 1996]. Given the
values of the exchange coefficients Cp, Gy, and Cg as well as sea surface temperature and humidity, wind
speed, air temperature, and humidity at a reference height, estimates of wind stress and the fluxes of sensible
heat and moisture in the atmospheric surface layer can be obtained using equations (4)—(6).

Many studies have shown that exchange coefficients depend on atmospheric stability and the height above
the sea surface. To compare exchange coefficients obtained under differing conditions, the measured
exchange coefficients Cp, Cy, and Cg are usually converted to the neutral exchange coefficients Cpn, Cyn,
and Cgy at a height of 10 m based on the Monin-Obukhov similarity theory (MOST) [Monin and Yaglom,
1971].

MOST and the Charnock relationship [Charnock, 1955] are the basis of a large fraction of the air-sea bulk
flux models embedded in general circulation and mesoscale models in use today. Despite its widespread
usage and apparent overall success, physical interpretation of MOST can be ambiguous due to self-
correlation and circular dependences [Vickers et al., 2015]. MOST employs an iterative process to predict tur-
bulent fluxes in terms of exchange coefficients that depends on stability functions and thus on the turbu-
lent fluxes of heat, moisture, and momentum through the Obukhov length L.

Based on the state-of-the-art Coupled Ocean-Atmosphere Response Experiment (COARE) bulk algorithm
version 3.0 [Fairall et al., 2003; Kara et al., 2005] derived exchange coefficients that can be expressed as sim-
ple polynomial functions of wind speed and stability, which are parameterized by the air-sea temperature
difference and relative humidity at the sea surface. This method implicitly depends on MOST due to its use
of COARE 3.0. Using aircraft-based eddy-correlation measurements, Vickers et al. [2015] developed a formula
for friction velocity that depends on wind speed and stability without use of MOST, the Obukhov length, or
the Charnock relationship.

In this study, observational data obtained from a platform in the South China Sea between September 2010
and August 2012 were used to determine turbulent fluxes directly. Surface exchange coefficients were
derived in two different ways, with and without MOST. The objective of this paper is to evaluate methods
used in previous studies to derive exchange coefficients. We aim to develop a new parameterization of
exchange coefficients in the region we studied.

2. Observational Data

The Flux Observation Platform in the South China Sea (FOPSCS) campaign was conducted on a platform
operated jointly by the Guangzhou Institute of Tropical and Marine Meteorology and the China Meteorol-
ogy Administration. The aim of FOPSCS was to study the mechanism of exchange in turbulent fluxes
through the air-sea interface and to obtain accurate parameterizations of the exchange coefficients for
momentum, heat, moisture, and carbon dioxide based on long-term observation. The location of the plat-
form is 21°26.5'N, 111°23.5’E in the northern South China Sea. The shortest distance between the platform
and the coastline is approximately 6.5 km, and the water depth is about 14 m (Figure 1).

An eddy-correlation system and wind monitors at five heights were installed on the platform to observe
wind speed, temperature, and water vapor concentration. A three-dimensional ultrasonic anemometer
deployed 20 m above the sea surface was used to measure wind velocity and sonic temperature at a fre-
quency of 10 Hz. At the same height, an open-path CO,/H,0 analyzer was used to observe water vapor con-
centrations with a sampling frequency of 10 Hz, and an infrared radiometer was used to observe the sea
surface skin temperature every 30 min. A temperature and relative humidity probe was installed 20 m
above mean sea level to record temperature and specific humidity as 10 min averages. Marine wind
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Figure 1. Maps and photograph of the platform; solid triangles denote the location of the platform on both maps.

monitors were mounted at 31.3, 23.4, 20.0, 16.4, and 13.4 m above mean sea level to measure wind speed
and direction as 30 min averages. These observational data were collected using a CR 3000 Micrologger.
Detailed information about the instruments used in this study can be found in Table 1.

3. Quality Control

In this study, the eddy-correlation method is used to calculate the momentum, heat, and water vapor fluxes.
Before the estimation of fluxes, the raw observational data must be subjected to quality control procedures,
including spike removal and tilt correction.

Spikes are typically characterized as short-duration and extraordinarily large-amplitude fluctuations, which
are usually ascribed to brief electronic malfunctions or to contamination by rain droplets or other environ-
mental factors. Following the method developed by Vickers and Mahrt [1997], any value more than 3.5 times
the standard deviation is considered a spike. Data designated as spikes are removed from the time series
and replaced by linear interpolations of the adjacent data. When four or more consecutive points have val-
ues that qualify as spikes, they are considered to be normal fluctuations rather than spikes. If a record con-
tains more than 5% spikes, the entire record is discarded.

Large momentum flux deviations can be ascribed to the cross contamination of velocities that occurs in a
tilted sonic anemometer, such that fluctuations in the longitudinal components of the wind appear as verti-
cal velocity fluctuations, and vice versa [Wilczak et al., 2001]. On level terrain, the most straightforward solu-
tion is to be certain that turbulent wind sensors are installed exceptionally close to the true horizontal and
vertical planes. However, over sloping or rough terrain, such as the sea surface, the most practical solution
is to use a mean streamline coordinate system in which the x axis is parallel to the local mean wind direc-
tion and the z axis is orthogonal to x. Three methods for determining tilt angles relative to the mean

Table 1. Instruments Installed at the Platform During FOPSCS

Instrument Model Company Parameters Duration Sample Height

Ultrasonic Anemometer CSAT3 Campbell S Wind velocity Sonic 12 Sep 2010 to 8 Apr 2012 10 Hz 20.0 m
cientific, Inc. virtual temperature

CO,/H,0 Analyzer LI-7500 LI-COR, Inc. Moisture, CO,, Pressure 12 Sep 2010 to 8 Apr 2012 10 Hz 200m

Infrared radiometer SI-111 Campbell, Inc. Sea surface temperature 12 Sep 2010 to 28 Apr 2011 30 min (averaged) 20.0 m

Temperature and RH Probe HMP45C Campbell Air temperature, 12 Sep 2010 to 8 Apr 2012 10 min (averaged) 200 m
Scientific, Inc. Relative humidity

Wind monitor 05106 R.M. Young Wind velocity 12 Sep 2010 to 28 Apr 2011 30 min (averaged) 31.3,23.4, 200,

16.4,and 134 m
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streamline coordinate system have
been proposed. According to the work
. of Wilczak et al. [2001], the double rota-
1 tion method that is most commonly
used [Tanner and Thurtell, 1969] results
in significant run-to-run stress errors
due to sampling uncertainty of the
mean vertical velocity. The triple rota-
tion method [McMillen, 1988] results in
even greater run-to-run stress errors
due to the combined sampling errors
of mean vertical velocity and crosswind
10' stress. Compared to these two meth-
ods, the planar fit method is less
T —— susceptible to sampling errors and pro-
vides an unbiased estimate of lateral
stress [Wilczak et al, 2001]. Therefore,
the planar fit method of tilt correction
is adopted in this study.

Og \Vu/ W
""" Og,o/wo' N
Og./wy'

The turbulent fluxes through the air-
\‘,’J ‘M ] sea interface are generally analyzed
s in the context of Reynolds averages,
which are ensemble averages, in princi-
-0.4 n ple. In practice, they are usually
replaced by time averages based on
Y T T T R R the ergodic hypothesis. Thus, choosing
10* 10° 107 10" 10° 10'  the time over which to average is nec-
f(Hz) essary. Previous studies have usually
Figure 2. (a) Normalized ogives of turbulent fluxes as a function of frequency for used a fixed averaging time for all runs,
a typical accepted flux run and (b) discarded flux run. typically from 15 to 60 min, regardless
of stability, turbulence levels, or other
factors [Oncley et al., 1996]. The cumula-
tive or running integral of the cospectrum can be used to determine the frequency at which the covariance
no longer changes. The reciprocal of this frequency is the minimum averaging time necessary to evaluate all
flux contributions. The cumulative integral from high to low frequencies is called an ogive. We note that
potential temperature, rather than sonic temperature, is used to calculate the sensible heat flux. The influen-
ces of cross-path (horizontal) wind speed and humidity are both considered in our estimates.

Figure 2 shows two examples of ogives normalized to the total covariance. If the normalized ogive increases
monotonically with decreasing frequency and reaches 1.0, the corresponding run is utilized in further flux
estimation (Figure 2a). Otherwise, the run is discarded (Figure 2b), as it might be contaminated by meso-
scale motion in the atmosphere [Vickers and Mahrt, 2006; French et al., 2007; Cook and Renfrew, 2015]. Since
most normalized ogives approach 1.0 at a frequency of 1.0 X 10”3 Hz, the averaging time should be greater
than 17 min. To be consistent with the average winds measured by marine wind monitors, an averaging
time of 30 min was chosen for this study, which is large enough to include all flux contributions. The ogives
were calculated for each run in order to remove the influence of mesoscale motions.

4. Monin-Obukhov Similarity Theory

According to the Monin-Obukhov similarity theory (MOST), the following nondimensional profiles are valid
for a surface layer that is horizontally homogeneous and stationary [Monin and Yaglom, 1971]

iz om0 ”
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where « = 04 is the Von Karmén constant, z is height above the sea surface, u, =(—w't’)"/? is the friction
velocity of air, 0,=—w'/' /u, is the scaling temperature, g.=—w'q’ /u, is the scaling specific humidity,
L=—u30,/gxw'@, is the Obukhov length scale, 0, is virtual temperature, w’(’,, is flux of virtual temperature
(or buoyancy flux), and g is the acceleration due to gravity.

By integrating equations (7)-(9), the profiles of wind speed, potential temperature, and specific humidity
can be expressed as

U@)=(u./K)lIn (2/20) ~Vm(2/L)] (10
0(2)=00=(0. /) In (2/20n) ~ Uy (2/L)] ()
9(2)~0=(q. /%) [In (z/200) =g (2/L)] (12

where Y, Y, and 4 are stability functions and z,, zon, and zoq are the roughness lengths corresponding to
the transport of momentum, heat, and moisture, respectively. Using equations (4)-(6), Cp, Cy, and Cg results
in the theoretical, not just empirical, exchange coefficients, which can be expressed as [Garratt, 1992;
Andreas et al., 2012]

K

. {W-M

= Ln <z/zo>—¢m<z/L>} [ln (z/zom—wh(z/u} (4

e~ vaa) [In (z/m;)—%(z/L)} )

Equations (13)-(15) show theoretically that exchange coefficients are related to atmospheric stability and
the height of measurement. To compare measurements taken under various conditions, we usually elimi-
nate the stability dependence and choose 10 m as a standard reference height. By doing so, equations
(13)-(15) become the exchange coefficients for neutral stability, expressed as

K2

“1n(10/20) In (10/zon)

Chn

N 0 (10/20) In (10/209)

The corresponding neutrally stable wind speed at 10 m is defined as [Andreas et al., 2012]
Uron=U~(us/x)In (20/10) +(u. /)b, (19)

In practice, the Charnock relationship is usually applied to equations (16)—(18), where the roughness length
zo is a function of ux, and ux is a function of the roughness length in equation (16). The roughness lengths
for heat and moisture are functions of the Reynolds number [Liu et al., 1979]. Such a feedback loop can lead
to extremely small estimates of the roughness length and momentum flux [Mahrt et al., 2001; Vickers et al.,
2015].

As noted above, the basic assumption of MOST is that the nondimensional wind, temperature, and humidity
profiles, ¢m, @n, and ¢4, respectively, are universal functions of z/L (equations (7)-(9)). However, the detailed
forms of these functions are not given by the theory and thus must be determined experimentally in the

ZOU ET AL.

AIR-SEA FLUXES BY WIND AND STABILITY 4127



@AGU Journal of Geophysical Research: Oceans 10.1002/2016JC012399

T field [Hogstrom, 1996]. In the neutral
1 condition, that is, for z/L = 0, these uni-

tional data, Hogstrom [1996] indicated
. that various formulations of ¢, and ¢,
i are within 20% and 25% for —0.02 >
- z/L > —2, and 20% and 10% for 0.02 <
z/L <0.5, respectively. For z/L>0.5,
. the universal functions exhibit very
large scatter, in which intermittent
- turbulence is common. Therefore, in
3 . practice, they are usually applied only
2 L to z/L values less than 2 [Hogstrom,

2 -5 -1 05 Z?L 05 1 L5 2 1988 1996; Klipp and Mahrt, 2004].

X Our results =3

10 —7r . r r r T r 1 T T 7 T
L T L versal functions must equal a constant
Hogstrom (1988) T ’ near unity. Compared with observa-
L COARE 3.0 (Fairall etal. 2003) | [7] | ¥ ~7 7 :

¢, (ZL)

In addition, the occurrence of us~ in
Figure 3. Plot of the universal function (¢n) versus z/L. The individual flux runs
from this study are denoted by gray dots. The mean values averaged for a bin size b_Oth th.e Obukhov Iength and the n(?n_
of 0.1 are denoted by black crosses. Error bars indicate =1 SD. Also shown are the dimensional profiles may lead to consid-
curves from Hogstrom [1988] and the COARE 3.0 algorithm [Fairall et al., 2003]. erable self-correlation. Self-correlation
produces correlation of the same sign as
that expected for stable conditions and can therefore lead to false confidence in MOST results [Hicks 1978; Klipp

and Mabhrt, 2004; Baas et al., 2006].

Figure 3 shows ¢, using z/L calculated from our FOPSCS observational data, with error bars denoting =1 SD.
The ¢, values of Businger et al. [1971] as modified by Hogstrom [1988] and COARE 3.0 [Fairall et al., 2003] are
included for comparison. The two universal formulations and our observational data agree well under unsta-
ble conditions. However, considerable scattering occurs with increasing z/L under stable conditions, especially
for large values of z/L. In the following analysis, data with more than 1 SD of scatter are discarded.

After these procedures, the total numbers of accepted 30 min runs were 12,240, 5813, and 5637 for the
momentum, sensible heat, and moisture fluxes, respectively. These runs were used for further analysis.

5. Exchange Coefficients Under Neutral Conditions

5.1. Con

For several decades, studies have indicated that Cpy is a function of wind speed [Smith, 1980; Wu, 1980;

Large and Pond, 1981; Garratt, 1977; Geernaert et al., 1986; Smith et al., 1992; Edson et al., 2007; Petersen and
Renfrew, 2009]. As shown in Figure 4,

3 | I . . - at very low wind speeds, motion near
the sea surface is dominated by vis-

.7 .
L L ] cous flow, and the sea surface is aero-
i = dynamically smooth. With increasing
2 . _‘ wind speed, viscous flow is gradually

depressed due to the enhancement of
turbulent flow, which leads to reduc-
tion of Cpn. At wind speeds greater

Smith (1980)

1 - - “L”““"gg)]) S8 N than 3-5 m/s, turbulent flow controls
— -, -— -_— arge an 01K .
— - Gamatt(1977) the air-sea momentum flux completely,
= = = - Smithetal. (1992) | and Cpy increases monotonically with
Bumke et al. (2014) )
COARE 3.0 (Fairall et al. 2003) wind speed. In recent years, some stud-
0 X ! . ! , — - COARE3S (Edsonetal 2013) ies have suggested that Cpy is reduced
0 5 10 15 20 25 or saturated at sufficiently high wind

Uion (/) speeds, such as 30 m/s [Powell et al.,

Figure 4. Several parameterizations of Cpy as a function of wind speed proposed 2003; Donelan et al,, 2004; Jarosz et al.,
in previous studies. 2007; Holthuijsen et al, 2012]. The
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Figure 5. Original and bin-averaged 10 m neutral drag coefficient, Cpy, versus Uso.
For wind speeds below and above 13 m/s, the bin size is T m/s and 2 m/s, respec-

tively. Crosses denote bin-averaged values and their error bars indicate =1 SD.

maximum surface wind speed in our
observational data set is<20 m/s,
which is not large enough to test for
this saturation effect of Cp values at
high wind speed.

Figure 5 shows the original data and
bin-averaged 10 m neutral coefficient
Con Vvalues against U,gy estimated
from our observational data obtained
through FOPSCS. For wind speeds
below 13 m/s, a bin size of 1 m/s was
chosen. For wind speeds above 13 m/s,
a 2 m/s bin was used in order to
include more data for mean estima-
tion. Despite large scatter, the domi-
nant features are similar to those
found in earlier studies, such as an
apparent local minimum in Cpy at a

wind speed of about 5 m/s. Based on aircraft-based eddy-correlation measurements, Vickers et al. [2013]
suggested that Cpy is very sensitive to the analysis method in weak wind conditions. Following Vickers et al.
[2013], we investigate how sensitive Cpy is to the analysis method employed. The five bin-averaging meth-

ods (denoted 1-5) we investigated include

Coni = {(WZJrWz)” 2y-2 (20)
Con2= [(W2+Wz)1/2] [Uron] 2 (21)
Cons=([Wd'] >+ [Wv]*) 2 [Uron] 2 (22)
Cona=[u2Uso] (23)

Cons = [U?] [Uson] (24)

where the square brackets denote U,on bin averaging. These bin-averaging methods correspond to bin-
averaged Cpy including the crosswind component (equation (20)), bin-averaged stress including the cross-
wind component (equation (21)), bin-averaged along-wind and crosswind components and U, oy (equation
(22)), bin-averaged ux and U, oy (equation (23)), and bin-averaged Cpy (equation (24)), respectively.

4 1 M 1 ' I I
Cont
x Con
x
3 Cons -
: 4 Cona
* Cons
&
g2r i 1
i ¥
M
1+ * E x o » % % x ¥ X .
0 . 1 R 1 . 1 1
0 5 10 15 20 25
Uy (mVs)

Figure 6. Cpy versus wind speed calculated by equations (20)-(24).

Figure 6 shows Cpy calculated using
these five analysis methods. Distinct
differences appear at a wind speed of
1 m/s. For wind speeds greater than
2 m/s, the five analysis methods are
consistent, with a small reduction
caused by excluding the crosswind
component at wind speeds greater
than 16 m/s. Our results are similar to
those obtained by Vickers et al. [2013]
(see their Figure 4). It is notable that
distinct differences among analysis
methods occur where the data are
sparse. Therefore, we concluded that
the neutral drag coefficient Cpy is not
sensitive to differences among the var-
ious analysis methods expressed by
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equations (21)-(24), and that the
distinct differences at low wind
speeds can be ascribed primarily
to the small sample size.

For wind speeds below 5 m/s,

Cpn decreases with wind speed,

which agrees well with the find-
) ings of Drennan et al. [2003]. A

= = = - Smith (1980) T .

Large and Pond (1981) minimum in the 10 m neutral

¢+ Mahctal (1996) value of the drag coefficient

+ + — - Yelland and Taylor (1996)
O Drennan et al. (2003) occurred at 5 m/s, between the

- + Edson et al. (2007) 1 .
o Vickers ctal. (2013) 4 m/s suggested by Vickers et al.
X Our results COARE 3.0 (Fairall et al. 2003)

0 ) . ) . ) COARE 3.5 (Edson ct ] 2013) [2013] and 6 m/s by Yelland and
0 5 10 15 20 25 Taylor [1996]. All observations
Uy (m/5) are significantly greater than
the estimates from COARE 3.0,
r I y T r T r T y which can be ascribed to aero-

———— Onshore case . .
b %= Offshore case dynamically smooth viscous
L ) ——e—— Frederickson and Davidson (2003) onshore 4 flow. Also note that Cpy may be
— —o —  Frederickson and Davidson (2003) offshore affected by ocean surface cur-
——&—— Mahrt et al. (1996) onsl}(me °
s — o~ Mahrtetal. (1996) offshore N _ rents or momentum fluxes

o .

oy~ % induced by swell at very low
wind speeds [Grachev and Fairall,
2001]. For 5 m/s < Uyon < 12 m/s,
Cpn remains nearly constant with
wind speed, with a value around
0.001. Large and Pond [1981] and
- ] Vickers et al. [2013] obtained simi-
lar results where Cpy was con-
0 1 1 1 1 1 1 1 1 1 stant around 0.0013 and 0.0012
0 5 10 15 20 25 between 4 m/s and 10 m/s. For

Uion (m/s) Uion>12 m/s, Cpy increases

Figure 7. Drag coefficients versus wind speed. (a) Our results compared with previous qUICkIy with wind speed due to
studies including Smith [1980], Large and Pond [1981], Mahrt et al. [1996], Yelland and Tay- the limited fetch of offshore
lor [1996], Drennan et al. [2003], Edson et al. [2003], COARE 3.0 [Fairall et al., 2003], COARE winds. Young wind waves contrib-
3.5 [Edson et al., 2013], and Vickers et al. [2013]. (b) Comparison of offshore and onshore
drag coefficients based on the observational data in this study, Mahrt et al. [1996], and ute greatly to sea-surface rOUgh_
Frederickson and Davidson [2003]. ness, as they break strongly. The

Cpn saturation suggested by Vick-
ers et al. [2013] was not evident in
our observations.

10°Cpy

i
X

X

10°C,

Drag coefficients under offshore wind conditions are greater than those with onshore wind, which agrees
with some previous studies [Smith, 1980; Mahrt et al., 1996; Sun et al., 2001]. A larger offshore drag coeffi-
cient is usually ascribed to younger, growing waves that cannot reach equilibrium with the prevailing wind
field due to limited fetch. This fetch effect can be tested by separating drag coefficients into offshore and
onshore cases based on wind direction. The results of such separation are shown in Figure 7b, along with
observational data from Mahrt et al. [1996] and Fredrickson and Davidson [2003]. Similar to these previous
studies, for a given wind speed, the drag coefficients of offshore winds are generally larger than those of
onshore winds. It is clear that the fetches in the offshore cases are greater than those in the onshore cases.
As noted by Frederickson and Davidson [2003], this observation is expected, as the wave field of short-fetch
offshore winds cannot reach equilibrium with the prevailing wind field as quickly. These younger, growing
waves have steeper slopes and present a rougher surface to the overlying atmosphere, resulting in higher
drag coefficients. In the onshore case, wind waves come from the open ocean with a relatively long fetch,
and thus the wave steepness is smaller, inducing smaller drag coefficients.
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1.2 y T T T T T T T T Another factor that influences the drag
a) Andreas et al. (2012) coefficient in coastal regions is limited
- Onshore case 1 water depth. However, the effect of
— — — — Offshore case
P water depth on the drag coefficient
0.8 g 7 seems to be ambiguous. It is generally
accepted that drag coefficients in shal-
low water are greater than those in
2 deep water. However, this behavior
0.4 - T cannot be confirmed using the obser-
vational data shown in Figure 7a.
Although the COARE 3.5 [Edson et al.,
2013] and Yellan and Taylor [1996]
0 ' 5 ' 10 ' 15 ' 20 ' 25 results were obtained from the open
U,on (/) ocean (deep water), they do not
3 i : . : . : i : . exhibit a clear trend of being smaller
than those of Mahrt et al. [1996, 4 m],
Edson et al. [2007, 13 m], Smith [1980,
59 m], Large and Pond [1981, 59 m],
. and Drennan et al. [2003, 100 m] for
shallow water. In the offshore wind
case, the waves are so young that
the effect of water depth can be
= neglected. In the onshore case, the
reason for the lack of a water depth
r 1 effect remains to be elucidated.

u. (m/s)

) ) ) ) ) Figure 7a shows that there are three
0 5 10 15 20 25 apparent wind speed regimes in our
Ujon (m/s) observational data, which agree well

with the results of Vickers et al. [2013].
Figure 8. (a) The u« versus U,y relationship with the parameterizations of Andreas E . h b . ld
et al. [2012] and equation (25), and (b) the drag coefficient Cpy versus U oy With or comparison, the observational data
the parameterization of equation (26). from Figure 4 of Drennan et al. [2003]

and Figure 5 of Vickers et al. [2013], as
well as the calculations of Smith [1980], Large and Pond [1981], Yelland and Taylor [1996], COARE 3.0 [Fairall
et al.,, 2003], and COARE 3.5 [Edson et al., 2007], are also presented in Figure 7a.

From the definition of Cpy, it is reasonable to infer that us is proportional to U;on With a proportionality con-
stant of (Con)'"% Recently, Foreman and Emeis [2010] and Andreas et al. [2012] suggested that u- is related
linearly to U;gn, not proportionally. Figure 8a shows ux as a function of U;oy from our observational data. It
is clear that u« is not related linearly to U;on. Using the least squares method, their relationship can be
parameterized in the offshore and onshore cases,

{0,0015U$0N+0.0099U10N +0.062, for onshore wind 25)

0.001202,+0.016U; oy +0.052, for offshore wind

The correlation coefficient is 0.99. Therefore, the neutral drag coefficients in the onshore and offshore cases
can be expressed as

(0.0099+0.0015U, 4 +0.062U;ck ), for onshore wind
Con= , (26)
(0.016+0.0012U, 4 +0.052U;4) )*, for offshore wind

Figure 8b compares calculated Cpy with the parameterization of equation (26). The benefit of equation (26)
is that it does not require piecewise functions to include weak wind regimes, as does the method of Yelland
and Taylor [1996], although it performs poorly between 17 and 22 m/s. As mentioned above, the results for
this regime are somewhat uncertain due to sparse data.
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Table 2. Previous Field Studies Measuring Cyy and Cey
Authors 103Gy, Range of Ujoy 103Cen Range of Ujon
Pond et al. [1971] 12 393 < Ujon<7.22
Large and Pond [1982] 1.13 4 <Ujon< 25 1.15 4<Ujon< 14
Smith [1989] 12 5<Uion<18
Bradley et al. [1991] 1.03 4< Uyon<6 0.89 4< Uson<6
Decosmo et al. [1996] 1.1 Uion < 23 1.1 Uion< 18
Banner et al. [1999] 0.62-1.56 2<Uipn< 19 0.77-1.09 2<Ujon< 19
McGillis et al. [2004] 0.8-3.0 Uion< 12
Drennan et al. [2007] 1.18 Uion < 30
Zhang et al. [2008] 1.16 15 < Ujon< 30 1.16 15 < U;on< 30
Petersen and Renfrew [2009] 1.63 15<Ujon< 19 1.57 15<Ujon< 19
Bumke et al. [2014] 1.03 + 0.012U;on Uion< 15 1.06 + 0.005U;0n Uion< 15
Cook and Renfrew [2015] 0.92-1.36 6 < Uyon< 24 0.83-1.77 6 < Uyon < 24

5.2, CHN and CEN

Compared with drag coefficients, the exchange coefficients of heat and water vapor flux are rarely reported
due to the lack of real-time measurement instruments suitable for the marine environment [Drennan et al.,
2007]. Table 2 lists previous observations of Cyyy and Cgy. Unlike Cpy, most studies suggest that Gy and Cey
do not depend on wind speed and are nearly constant with wind speed, with a range from 0.6 to 1.6 X 107>,
Even under high wind conditions, where wave breaking and sea spray are believed to be important
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Figure 9. The neutral exchange coefficient Cyy versus wind speed U;on: (a) our
observational results (gray dots) and average values over 1T m/s bins (black
crosses), error bars indicate =1 SD, and (b) comparison of our results with previ-

ous studies and equation (27), indicated by the solid line.

exchange processes, wind dependence
is not evident [Zhang et al, 2008;
Petersen and Renfrew, 2009; Cook and
Renfrew, 2015].

Figures 9 and 10 show the exchange
coefficients of heat and water vapor flux
against wind speed based on our obser-
vations and previous studies. Unlike the
drag coefficient, these factors do not
show a clear dependence on wind
speed. The mean Cyy in our results var-
ied between 1.17 X 103 and 142 X
1073, with an average value of 1.25 X
1073, and mean Cgy values range from
081 to 1.23 X 102 with an average of
0.97 X 1073 for Usoy from 2 to 14 m/s.
This is consistent with the results of
Large and Pond [1982], HEXOS [DeCosmo
et al.,, 1996], FASTEX [Persson et al., 2005],
Cook and Renfrew [2015], and COARE
3.0. As with Cpy, we also separated the
data into onshore and offshore cases for
Ciyn and Cgn. However, no significant dif-
ferences were found (data not shown).

Upon close inspection of Figures 9 and
10, it is apparent that there is a weak
reduction of both Cyy and Cgy with
wind speed under weak wind condi-
tions. The same behavior was observed
by Bradley et al. [1991]. Using the least
squares method, Cyy and Cgy can be
parameterized as a stepwise function
of wind speed
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1.72—0.13U;0n for Uson < 4m/s

103Cyn = (27)
1.20 for Uion > 4m/s
1.44*0.12U10N for Ujon < 4m/s

103CEN= (28)
0.96 for Uion > 4m/s

For comparison, Eq. (27) and Eq. (28) are plotted in Fig. 9 and Fig. 10, respectively.

6. Exchange Coefficients Versus Stability

As noted above, in order to compare exchange coefficients measured under different stability conditions,
they are usually adjusted to neutral stability conditions using MOST. MOST requires an iterative process to
predict the turbulent momentum and heat fluxes from exchange coefficients that depend on stability func-
tions. In order to avoid this iterative process, some studies have tried to replace the stability correction with
a term representing stability parameters, such as air-sea temperature difference, relative humidity (RH), or
the comprehensive parameter, Richardson number [Kara et al., 2005; Vickers et al., 2015]. These studies sug-
gest that the effects on turbulent fluxes must be taken into account when calculating exchange coefficients.
The benefit of these algorithms is that they do not require iteration to account for stability, and thus they
are computationally efficient, which is necessary for application in high-resolution coupled atmosphere-
ocean circulation models.

Figure 11 shows the relationships between neutral exchange coefficients and stability parameters including the
sea-air temperature difference AO = 0 — 014, RH, and the sea-air specific humidity difference Ag = go — g10. The
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Figure 10. As described in Figure 9, but for Ce.
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Figure 11. (a) Neutral exchange coefficients versus sea-air temperature difference, (b) relative humidity, and (c) sea-air specific humidity
difference.

exchange coefficients do not show a clear trend with these stability parameters after stability correction using
MOST, although there is large scatter.

Using the same format as in Figure 11, Figure 12 shows the exchange coefficients as a function of A6, RH,
and Ag. This figure indicates that the observed exchange coefficients increase with A6, which means that
turbulent mixing is enhanced under the unstable conditions induced by a large air-sea temperature differ-
ence (Figure 12a). This result is qualitatively consistent with Kara et al. [2005], while Toffoli et al. [2012] did
not find a significant dependence on Af. Increased humidity would be expected to decrease air density,
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Figure 12. (a) Measured exchange coefficients without application of MOST versus sea-air temperature difference, (b) relative humidity,
and (c) sea-air specific humidity difference.

increase buoyancy, and in turn increase friction velocity and drag coefficient [Bianco et al.,, 2011]. However,
the measured exchange coefficients show a surprising reduction with RH, consistent with the findings of Kara
et al. [2005] and Toffoli et al. [2012] (Figure 12b). This feature is further confirmed by the increase in measured
exchange coefficients with Ag, shown in Figure 12c.

To describe the dependences between the measured exchange coefficients and various stability parameters quanti-
tatively, linear regressions were calculated. The results are displayed in Table 3.
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Table 3. Linear Regressions Between the Measured Exchange Coefficients and Three Stability Parameters Including A0, RH, and Ag,

Where R Is the Correlation Coefficient

C, = a+ bAl C,=a+ bRH Cx=a+bAg
a b R a B R a b R
o 0.92 0.060 0.90 1.30 —0.0040 0.94 0.94 30.08 0.92
Cy 0.97 0.079 0.88 1.63 —0.009 0.84 0.84 48.02 0.69
Ce 0.82 0.0762 0.89 1.97 -0.017 091 0.55 48.75 0.90

7. New Parameterization of Exchange Coefficients

Owing to the limitations of MOST, some studies have parameterized the exchange coefficients with an
explicit function of temperature and humidity to describe the stability contribution to turbulent fluxes [Kara
et al., 2005]. Therefore, the exchange coefficient C, can be expressed as

Cx = Cxu(U)GX (RO)

(29)

where G, (U) and G,(R,) represent the contributions of shear and buoyancy, respectively, and R, is a modi-
fied Richardson number describing stability. For simplicity, C,,(U) can be obtained by direct substitution of
equations (26), (27), and (28) for momentum flux, sensible heat flux, and moisture flux, respectively. Vickers
et al. [2015] defined Ry as a bulk Richardson number

200
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80 120 160
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log[(Z)/(R/3x10)K]
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Figure 13. Comparison of equations (33) and (34) with our observations. The solid lines are best-fit lines. (a) z/L versus Ry, (b) z/L versus R;.
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Figure 14. The stability function G, versus R;, for (a) Gp, (b) Gy, and (c) Gg.

(9.,_9‘,0)92
Ry =~V V)% 30
ib HVUZ ( )
where 0, = 0(1 + 0.61q) is the virtual potential temperature at height z and g is gravitational acceleration. Ry,
describes the contributions of temperature, humidity, and wind speed to stability. It also strongly depends on
the height of measurement, which limits its application. At the atmospheric boundary, ux, 6+, g+, and z, are
assumed to be constant with height. In place of R;, we substitute R; which is defined as
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Ov* 92o

Ri=3x10*
! Qouf

31

where it is assumed that 6,-= 0«(1 + 0.61qs), and the scale coefficient of 3 X 10* is applied to limit the
range of R; between —1.0 and 1.0. According to the Charnock relation, R; can be further simplified as

Ri=3X10%0,. /0o (32

where o corresponds to the Charnock constant. R; is independent of measurement height, and can be easily
applied in various situations.
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Figure 16. Measured 0- as a function of 0« from (a) R; and (b) COARE 3.0. The solid and dashed lines are 1:1 and best-fit lines, respectively.

We note that considerable efforts have been undertaken to determine the nondimensional gradient as a
function of z/L [Donelan et al., 1974]. To compare our work with earlier studies, we checked for relationships
between z/L and Rj, and R;. According to their definitions, these relationships can be roughly derived as

z _

[ :R,'bKCH(CD) 32 (33)
z_ R Ovo R
Z—3x104;c0—vexp (rc/\/CDN) ~erxp <K/\/CDN> (34)

Figure 13 shows a comparison of equations (33) and (34) with our observations. Both equations are quite
consistent with the observations.

To derive the stability function G, versus R;, we separated the data randomly into two parts: one part was
used to derive the new model and it was then tested against the remaining data. From the exchange coeffi-
cients and equations (26)-(29), the stability function G(Ry) can be determined. As shown in Figure 14, the
results of G(R;) can be fitted as

GD(R,'):*‘I.‘IZR,"F]
GH(Ri):_2.21Ri+1 (35)
GE(R,'):_Z.63R,'+1

Figure 15 compares the friction velocities from Gp(R)), Gp(Ri), and COARE 3.0 with the remaining friction
velocities. COARE 3.0 was developed for open ocean conditions using a Charnock coefficient that varies
with wind speed, whereas the standard Charnock relation has a coefficient tuned to the coastal region
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Figure 17. Measured g~ as a function of calculated g« from (a) R; and (b) COARE 3.0. The solid and dashed lines are 1:1 and best-fit lines,
respectively.

[Brown et al., 2013]. In this regard, direct comparison with COARE 3.0 is not possible. In this study, a Char-
nock coefficient of 1.1 X 10~ 2 is applied, which is not tuned to the observations.

As shown in Figure 15, it is clear that the performance of R; is better than that of R;. The differences in cor-
relation coefficient (R), root mean square (RMS), and bias of the new model and COARE 3.0 against observa-
tions are insignificant, which suggests that their differences are small relative to the uncertainty of
observations. Figures 16 and 17 show comparisons of measured 0» and g~ with the new model and with
COARE 3.0, respectively. The conclusion can be drawn that the new model is consistent with COARE 3.0
when they are applied to turbulent flux calculations.

8. Conclusion

Based on 2 years of observational data collected during FOPSCS, totals of 12,240, 5813, and 5637 30 min
flux runs were used to investigate systematically the behavior of the exchange coefficients for momentum
flux, sensible heat flux, and moisture flux, respectively, under low-to-moderate wind conditions. The
exchange coefficients were calculated with and without MOST, and were compared to those from previous
studies. With MOST, we found that the neutral drag coefficient Cpy decreases with wind speed under calm
conditions (<5 m/s), then stays nearly constant with wind speed between 5 and 12 m/s, and finally
increases at higher wind speeds. This Cpy behavior is consistent with previous observational studies. We
also found that Cpy is greater in offshore wind conditions with short fetch than in onshore winds with long
fetch, due to the younger wind waves present in the former case. However, this behavior is not reflected in
Cyn and Cey. The stability function was also evaluated, and it showed agreement with previous studies. Cyy
and Cey were found to be independent of wind speed, with values of 1.20 and 0.96, respectively. Relating
the friction velocity to the neutral surface wind speed (U;on), We found that they do not exhibit the linear
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relationship proposed by Andreas et al. [2012] using data from previous field experiments. We fitted a
second-order polynomial equation for u« and U;on Using the least squares method and developed a model
of Cpy as a function of U;gn.

Exchange coefficients estimated based on flux data without application of MOST to adjust them to neutral
conditions increase with sea-air temperature and humidity differences, but decrease with increased relative
humidity. This buoyancy effect can be further described by explicit stability correction, which is a function
of the Richardson number. Following Vickers et al. [2015], we use a simple model to parameterize u- as a
function of neutral wind speed by fitting the data using the least squares method and multiplying them by
a stability function that depends on the Richardson number. In addition to the stability function tested by
Vickers et al. [2015] as a function of the bulk Richardson number, we introduced a simplified Richardson
number that is independent of height and is a function of the Charnock parameter. We derived a new
model for exchange coefficients that depends explicitly on stability correction as the simplified Richardson
number. We found that the new model performs better than either the traditional bulk Richardson number
method or the widely used COARE 3.0 scheme. We note that this is the first study to investigate systemati-
cally three exchange coefficients including momentum, heat, and moisture fluxes with and without applica-
tion of MOST. Our exchange coefficient model can be integrated into coupled atmosphere-ocean models.
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